Ubiquinol-cytochrome c oxidoreductase (cytochrome bej) complexes were demonstrated to be present in the membranes of the alkaliphilic and halophilic purple sulfur bacteria Ectothiorhodospira halophila, Ectothiorhodospira mobilis, and Ectothiorhodospira shaposhnikovii by protoheme extraction, immunoblotting, and electron paramagnetic resonance spectroscopy. The gy values of the Rieske [2Fe-2S] clusters observed in membranes of E. mobifis and E. halophila were 1.895 and 1.910, respectively. In E. mobilis membranes, the cytochrome be1 complex was present in a stoichiometry of approximately 0.2 per reaction center. This complex was isolated and characterized. It contained four prosthetic groups: low-potential cytochrome b (cytochrome bL; Em = -142 mV), high-potential cytochrome b (cytochrome bH; E. = 116 mV), cytochrome cl (Em = 341 mV), and a Rieske iron-sulfur cluster. The absorbance spectrum of cytochrome bL displayed an asymmetric a-band with a maximum at 564 nm and a shoulder at 559 nm. The a bands of cytochrome bH and cytochrome cl peaked at 559.5 and 553 nm, respectively. These prosthetic groups were associated with three different polypeptides: cytochrome b, cytochrome cl, and the Rieske iron-sulfur protein, with apparent molecular masses of 43, 30, and 21 kDa, respectively. No evidence for the presence of a fourth subunit was obtained.
a-band with a maximum at 564 nm and a shoulder at 559 nm. The a bands of cytochrome bH and cytochrome cl peaked at 559.5 and 553 nm, respectively. These prosthetic groups were associated with three different polypeptides: cytochrome b, cytochrome cl, and the Rieske iron-sulfur protein, with apparent molecular masses of 43, 30 , and 21 kDa, respectively. No evidence for the presence of a fourth subunit was obtained.
Maximal ubiquinol-cytochrome c oxidoreductase activity of the purified complex was observed at pH 8; the turnover rate was 57 mol of cytochrome c reduced (mol of cytochrome cj)-1 s-1. The complex showed a strikingly low sensitivity towards typical inhibitors of cytochrome bc complexes.
The Ectothiorhodospiraceae family consists of a single genus of gram-negative, photosynthetic purple sulfur bacteria that grow anaerobically (46) . For optimal growth, they require an alkaline pH (except for the recently described Ectothiorhodospira marismortui [36] ) and high salinity. Elemental sulfur is deposited outside the cells when sulfide is used as an electron donor (21) . The Ectothiorhodospiraceae family can be divided into two groups that contain either bacteriochlorophyll (BChl) a or b. These groups also display physiological differences; only the former group is able to grow photoautotrophically with reduced sulfur compounds as electron donors (see reference 6 for a review). These characteristics of the Ectothiorhodospiraceae family give rise to questions about the composition of their electron transport chain and about the generation and maintenance of ion gradients across their cytoplasmic membrane.
In purple bacteria, a cyclic electron transfer chain is supposed to be primarily responsible for the conversion of light energy into a transmembrane proton gradient (e.g., see reference 37) . Because most characterizations of this cyclic electron transfer chain have been performed on representatives of the a or ,B branches of the purple bacteria (41) , little information on members of the y branch, the purple sulfur bacteria, is available.
Cytochrome bc1 complexes of photosynthetic bacteria are membrane-spanning complexes which catalyze electron flow cytochrome c1 contains a single, covalently bound heme c, and cytochrome b contains two noncovalently bound protohemes. For Rhodobacter sphaeroides, a fourth subunit, lacking prosthetic groups, has been reported (see references 22, 45 , and 54 for reviews).
Although many purple bacteria contain a cytochrome bc1 complex, it is not universal. An alternative ubiquinol-cytochrome c2 oxidoreductase has been proposed to be present in some strains ofRhodobacter capsulatus (3) . Furthermore, in the BChl b-containing members of the Ectothiorhodospiraceae family, only low-potential soluble cytochromes were detected (43, 44) , which seems to be inconsistent with a function in quinone oxidation via a cytochrome bc1 complex. In addition to this, no cytochrome c2 has been detected in the BChl a-containing members of the Ectothiorhodospiraceae family (25, 28, 33) . In Ectothiorhodospira mobilis, a linear, light-driven electron transport chain transfers electrons from S2-to NAD' (probably via reversed electron transfer [27] ). Such a linear chain may (partly) substitute a cyclic electron transfer chain in the conversion of light energy into a proton gradient.
Ubiquinol-cytochrome c oxidoreductase activity of a cytochrome bc1 complex is essential at low and neutral pH, while at higher pH values, the reaction between quinol and cytochrome c proceeds spontaneously at high rates (e.g., see 1630 LEGUIJT ET AL. reference 35). Considering the high pH for optimal growth of the Ectothiorhodospiraceae family (and therefore the presumably high pH of the periplasm), in combination with the apparent absence of membrane-bound cytochrome b (7, 25, 28) and the light-driven, linear electron transport chain observed in E. mobilis (27) , the question of whether or not a cytochrome be complex is present in these organisms arises.
In (28) . At each value of the ambient redox potential (Eh), six spectra between 500 and 600 nm were recorded. These spectra were averaged and corrected for baseline drift, and the areas under the curves were calculated. Extinction coefficients used for cytochromes b and c1 were 25.6 mM-1 * cm-' at 562 -577 nm (4) and 20 mM-1 cm-1 at 553 -542 nm (26) , respectively.
Quinol-cytochrome c oxidoreductase activity was measured at room temperature (approximately 20°C) as described (15) . Routinely, the reaction was started by adding Q2H2 (2,3-dimethoxy-5-methyl-6-geranyl-1,4-benzoquinol) from an ethanolic stock solution. Where indicated, QoH2
(ethanolic stock solution), Q6H2 (2,3-dimethoxy-5-methyl-6-[all-trans]famesylfarnesyl-1,4-benzoquinol), or Q10H2 [2,3-dimethoxy-5-methyl-6-(prenyl)10-1,4-benzoquinol] was used instead; the latter two ubiquinols were added from stock solutions in Triton X-100 (20) . Nonenzymatic reaction rates were determined in the absence of enzyme. Quinones were reduced as described (2) 2A, lanes 2 and 3) . Chromatophores ofR. sphaeroides treated with antibodies raised primarily against cytochrome c1 displayed several cross-reacting bands (Fig. 2B, lane 1) (Fig. 2) was presumably due to aggregation (24, 40) . The weaker-staining bands at about 23 and 25 kDa in R. sphaeroides chromatophores (Fig. 2B) were probably degradation products (17, 53) .
To confirm that the Ectothiorhodospira species investigated indeed contain a cytochrome bc, complex, EPR spectroscopy of their membranes was performed. Low-temperature EPR spectra of ascorbate-treated chromatophores of both E. mobilis and E. halophila (Fig. 3) 3A ) and E. halophila ( Fig. 3B and C) were 1.895 and 1.910, respectively. This latter value is slightly higher than the one reported for the Rieske iron-sulfur cluster in R.
sphaeroides chromatophores (11, 31) . In both spectra, theg, signals (expected at g = 1.76 to 1.81) could not be resolved from the background noise because of reduction of the Q pool (12, 13, 31) . Interfering signals from radicals and high-potential iron-sulfur proteins (34) prevented detection of the g, lines (at g = 2.02 to 2.03). Thus, EPR spectroscopy supports the conclusion that the investigated alkaliphilic Ectothiorhodospira species do contain a cytochrome bc, complex.
Purification of the E. mobilis cytochrome be1 complex. By using solubilization of chromatophores with dodecyl maltoside and subsequent sucrose-gradient centrifugation, we were able to purify the cytochrome bc, complex from E. mobilis membranes (Fig. 4) . Only minor contamination with carotenoids was observed in the spectrum of this sample. The low absorbance in the wavelength region between 480 and 600 nm relative to the Soret absorbance of oxidized cytochrome near 422.5 nm, indicates a successful separation of most of the BChl and carotenoids from the cytochrome bc, complex ( Table 1 ). The hydroquinone-reduced minus ferricyanide-oxidized difference spectrum (Fig. 4, inset) shows the absorption maximum (A553) of the a band of (49), but it is significantly below the ratio of 0.5 to 0.7 cytochrome bcl per RC described for R sphaeroides and K capsulatus (38, 39, 47) . This low stoichiometry in E. mobilis cells did not significantly increase when the cells were grown at higher light intensities, as was reported for Rhodopseudomonas viridis and R capsulatus (9, 16) . This low and constant bc,/RC ratio may be due to the presence of a linear, light-driven electron transfer chain in E. mobilis, transferring electrons from S2-via the RCs to NAD', thereby bypassing the cytochrome bc1 complex (27) . Further studies on the nature of the components involved in light-driven electron transport in the BChl a-containing members of the Ectothiorhodospiraceae family may clarify this issue.
Composition of the E. mobifis cytochrome bce complex. Although so far no spectral indications for the presence of two different types of heme b (Fig. 4) have been obtained, a redox titration of the E. mobilis cytochrome bc, complex clearly revealed two different b hemes with Em values (at pH 7.5) of -142 mV (standard deviation = 6.3 mV) and 116 mV (standard deviation = 4.3 mV), i.e., cytochrome bL and bH, respectively (Fig. 5A) . The reduced minus oxidized difference spectrum of cytochrome bL displayed an asymmetric a band with an absorption maximum at 564 and a shoulder at 559 nm, as was also reported for cytochrome bL from R. rubrum (17) . Cytochrome bH displayed the characteristic symmetric a band with an absorption maximum at 559.5 nm (1, 15, 17) . The titration of c-type cytochromes (Fig. SB) , revealed a single component with Em = 341 mnV (standard deviation = 1.5 mV).
The Em values obtained for cytochrome bL and cytochrome c1 are comparable to those reported for other photosynthetic bacteria, particularly R. rubrum, while the value obtained for cytochrome bH is higher (1, 9, 15, 17, 24 ). As in Fig. 2 , cross-reaction in the higher-molecular-weight region of the gel was observed, which again was presumably 400 500 due to aggregation. Ubiquinol-cytochrome c oxidoreductase activity. The pH optimum of ubiquinol-cytochrome c oxidoreductase activity :hromes present in the E.
of the E. mobilis bc complex is shown in Fig. 7 . With Q2H2 )r cytochromes bH and bL, (15) and cytochrome c from Saccharomyces cerevisiae, the to the Nernst equation for )me cl, the data were fitted purified complex displayed a pH optimum at pH 8, which is rations were performed as higher than the optima observed for R viridis (pH 6.8 [9] ) ie mixture contained cytoand R. sphaeroides (pH 7 to 7.5 [15] ). This is possibly a chrome bc1 complex equivalent to 2 ,uM cytochrome cl, 50 mM Tris-HCI (pH 7.5), 100 mM NaCi, 1 mM MgCl2, and 0.01% (wt/vol) dodecyl maltoside plus several redox mediators, which are described in Materials and Methods. determination of the Em values was performed at pH 7.5, whereas the optimal pH for growth (which presumably equals the pH of the periplasm) of Ectothiorhodospira species is about pH 9, it is possible that under these physiological conditions, the span in Em values between cytochromes bH and bL is smaller and therefore comparable to those of other photosynthetic bacteria.
The polypeptide composition of the purified E. mobilis cytochrome be1 complex was determined by SDS-PAGE followed by staining for protein or Western blotting with antibodies against the R sphaeroides cytochrome bc1 complex (Fig. 6) 175, 1993 reflection of the alkaliphilic nature of the Ectothiorhodospiraceae family. The uncatalyzed rate of quinol oxidation becomes more prominent at a higher pH (20) , requiring increasing corrections in this assay at higher pH values.
Variation of electron donors and acceptors clearly showed that Q2H2 as electron donor and equine cytochrome c as acceptor yielded maximal catalytic activity of the E. mobilis cytochrome be1 complex. The turnover rate was 57 mol of cytochrome c reduced (mol of cytochrome c1)-l s-1. This is comparable to values reported for R rubrum (24) and R. vinidis (9) , but is lower than the rate of about 300 s5 reported for R. sphaeroides (1) .
The effects of specific inhibitors on the cytochrome bc1 complex are presented as follows (assay conditions were as in Fig. 7 at pH 7.5). In the presence of 23 ,M myxothiazol, an inhibitor known to act at the quinol oxidation (Qz) site of the complex, 50% of the activity was inhibited (value was obtained by determination of the percentage of inhibition at a range of myxothiazol concentrations between 100 nM and 100 jxM). Addition of 100 ,uM stigmatellin, also an inhibitor of the Qz site, showed no effect at all. The maximal inhibition obtained after addition of myxothiazol was 96% (at 100 ,uM of the inhibitor). In the presence of 100 ,uM concentrations of the Qc inhibitors HQNO and antimycin A, only 29 and 41%, respectively, of the activity was inhibited. This low degree of inhibition of the activity by these inhibitors was not dependent on the nature of the ubiquinol used as electron donor, because the same values were observed when either Q6H2 or Q1oH2 was used.
The lack of sensitivity of the E. mobilis cytochrome bc1 complex for inhibitors contrasts with results reported for other photosynthetic bacteria, but is comparable to the situation observed for cytochrome b J complexes from chloroplasts (see reference 19 for a review). This low degree of sensitivity might indicate a disturbance of the catalytic site due to loss of a fourth subunit. However, in view of the fact that the isolated complex shows a high turnover rate, combined with the inhibitor resistance of the complex in the membrane, it is more likely that this inhibitor resistance is due to an intrinsic property of the E. mobilis be complex rather than to loss of a fourth subunit. The suggestion that the resistance of cytochrome b f complexes to antimycin A and HQNO, inhibitors known to act at the Qc site, and myxothiazol, a Qz site inhibitor (see reference 19 for a review), may be due to some amino acid substitutions in cytochrome b6 (10) has attained firm support. All known mutations leading to inhibitor resistance of bacterial cytochrome bc1 complexes indeed map in the gene encoding for cytochrome b (see references 45 and 54 for reviews). Comparison of the sequences of the genes coding for the subunits of the E. mobilis bc1 complex with those reported for various inhibitor-resistant mutants, combined with EPR spectroscopy in the presence of inhibitors, will therefore be essential to establish the basis of the inhibitor resistance of the E. mobilis cytochrome bc1 complex. By using the data described in this paper, in combination with results presented earlier (28, 29) , a preliminary description of the cyclic electron transport chain in the BChl a-containing members of the Ectothiorhodospiraceae family can be provided. Like many purple bacteria, these alkaliphilic and halophilic bacteria contain a three-subunit RC and a presumably three-subunit quinol-cytochrome c oxidoreductase. This latter complex of E. mobilis has a slightly increased pH optimum and a strikingly low sensitivity towards inhibitors.
Insight into the energy-transducing mechanisms of the BChl a-containing members of the Ectothiorhodospiraceae family will be important for elucidation of the mechanism of the generation and maintenance of ion gradients across their cytoplasmic membrane. This is the subject of our current investigations.
